The Arenaviridae family includes several hemorrhagic fever viruses which are important emerging pathogens. Junín virus, a member of this family, is the etiological agent of Argentine Hemorrhagic Fever (AHF). A collaboration between the Governments of Argentina and the USA rendered the attenuated Junín virus vaccine strain Candid#1. Arenaviruses are enveloped viruses with genomes consisting of two single-stranded RNA species (L and S), each carrying two coding regions separated by a stably structured, non-coding intergenic region. Molecular characterization of the vaccine strain and of its more virulent ancestors, XJ13 (prototype) and XJ#44, allows a systematic approach for the discovery of key elements in virulence attenuation. We show comparisons of sequence information for the S RNA of the strains XJ13, XJ#44 and Candid#1 of Junín virus, along with other strains from the vaccine lineage and a set of Junín virus field strains collected at the AHF endemic area. Comparisons of nucleotide and amino acid sequences revealed different point mutations which might be linked to the attenuated phenotype. The majority of changes are consistent with a progressive attenuation of virulence between XJ13, XJ#44 and Candid#1. We propose that changes found in genomic regions with low natural variation frequencies are more likely to be associated with the virulence attenuation process. We partially sequenced field strains to analyze the genomic variability naturally occurring for Junín virus. This information, together with the sequence analysis of strains with intermediate virulence, will serve as a starting point to study the molecular bases for viral attenuation.
INTRODUCTION
The Arenaviridae family comprises only one genus formed of 25 species of arenaviruses, as categorized by the ICTV [1] , and listed in (Table 1) . A further classification is based on the geography of origin and distribution of the viruses and their hosts: Old World Arenaviruses (OWA) and New World Arenaviruses (NWA). The NWA group harbors all arenaviruses from the American continent and the OWA group includes the only arenaviral species present in all continents (Lymphocytic Choriomeningitis Virus -LCMV) as well as the African arenaviruses. To date, there are no reports of any native viral species from Europe or Australia. The precise geographic distribution pattern has its origin in a very narrow host range that is characteristic of all arenaviruses. The principal hosts for the NWA are several specific members of the rodent family Cricetidae, subfamilies Sigmodontinae and Neotominae [2] . In the case of LCMV, the rodent reservoir is the worldwide distributed Mus musculus, which explains the unusual ubiquity of this virus. One NWA, the Tacaribe Virus (TACV), was isolated from bats [3] , in what was thought to be an atypical occurrence for an arenavirus. However, a recent discovery of new arenaviral *Address correspondence to this author at the Área de Virosis Emergentes y Zoonóticas, Laboratorio de Biología Celular y Molecular, Universidad Nacional de Quilmes, Argentina; Tel: 00541143657100; Ext: 5651; Fax: 00541143657132; E-mail: igastephan@gmail.com species in boas [4] opens up new avenues of inquiry regarding the viral host range and biodiversity.
This viral family is of medical interest because 6 of the 25 members have been consistently associated with clinical symptoms and described as the etiological agents of human diseases. All pathogenic NWA produce hemorrhagic fevers, with very similar physiopathology ( Table 2 ). The phases of the illness are well characterized and progress from prodromal to neurologic-hemorrhagic to convalescent [5] . There is a short incubation period before the onset of symptoms. In the case of Argentine Hemorrhagic Fever (AHF), the syndrome is characterized by renal, neurological, vascular, immunological and hematological alterations. If it remains untreated, the mortality rate can be as high as 15-30%.
Since it was described, AHF has been reported to cause annual outbreaks during the autumn-winter season [6] . However, the number of actual cases in each outbreak has significantly diminished since the application of the vaccine to the risk population within the endemic area. For the 1992-2000 period the efficacy of the vaccine was estimated at 98% [7] .
The development of the vaccine against AHF was the product of a collaboration between the US and Argentine governments. A greatly attenuated strain of Junín virus (JUNV), Candid#1, was extensively tested in rhesus monkeys and human volunteers with good results. Afterwards, a comprehensive clinical trial was conducted in the AHF endemic area [8, 9] . A diagram with the passage history that led to the attenuated JUNV Candid#1 strain is shown in (Fig.  1) . Other vaccines against Arenaviruses have not been released. Significant advances were made to develop an effective protection against Lassa fever, which is a disease endemic to the West-African region with 3-5x10 5 cases reported annually [10] . Its apparently expanding territory, together with the imported cases reported yearly all over the world, make this virus the biggest health threat of the Arenavirus family [11] . Several different approaches were used to try to achieve protective coverage with a Lassa virus vaccine. However, the necessity of a single-dose treatment and the great diversity among the many viral strains converge to increase the difficulty of this task [12] .
Arenaviruses are enveloped viruses with a bipartite, single stranded RNA genome [14, 15] . The virion contains three structural proteins (L, N and Z) while the lipid envelope carries the three-piece glycoprotein (SSP, G1 and G2). The larger genomic segment (L RNA, ~7kb) encodes the RNA dependent RNA polymerase (L protein), which is the minor component of the virion, as well as Z, a Zinc fingerprotein of 11 kDa that could be the arenaviral counterpart of a matrix protein [16] . The other genomic segment (S RNA, ~3,5 kb) codes for the nucleocapsid protein N and the glycoprotein precursor (GPC), which is processed by cellular proteases into three parts. The arrangement of the two open reading frames in opposite orientations, separated by the stably structured, non-coding intergenic region, gave rise to the term "ambisense coding" [17] . The first 19 nucleotides at each end of one segment are complementary, which allows a base-pairing that forms a panhandle structure highly conserved among arenaviruses [18] .
SEQUENCE ANALYSIS OF THE VACCINE-RELATED JUNV STRAINS
In order to identify and characterize changes directly related with the attenuated phenotype of the JUNV vaccine strain, the complete nucleotide sequence of all available intermediate strains (XJ13, XJ17, XJ34, XJ39, XJ#44, XJ48 and Candid#1) from the vaccine genealogy were analyzed, along with a small number of field strains [19, 20] .
A comparison of the sequence of the vaccine genealogy strains revealed a set of differences that might be associated with the decrease in virulence (Fig. 2 ). An alignment of the S RNA-derived coding sequences disclosed eleven individual changes which translated into amino acid substitutions. The first of these changes was located in the stable signal peptide (XJ13 I 35 XJ17 I XJ34 I XJ39 I XJ#44 V 35 XJ48 I Candid#1 V), the following three were in the mid-part of G1 (T 168 A A A A A A; E 186 E E E E E G and S 206 S S S S S P), two m o r e w e re found at the carboxyl terminus of G2 (F 427 F F F F F I and T 446 T S S T S S), and the last five were at the amino half of N (V 47 This analysis was extended to include two other completely sequenced JUNV strains, Romero and MC2, as well as a partial sequence from the Cba-IV4454 strain (S RNA and Z gene). The first strain is classified as of high virulence and was originally isolated from an AHF patient [21, 22] . In the Genebank its name is mistakenly spelled "Rumero". The second strain (MC2) is of intermediate virulence and was isolated from a rodent captured in the AHF endemic area [23] [24] [25] . The Cba-IV4454 strain was also obtained from a patient and is considered of intermediate virulence. The analysis was performed on deduced amino acid sequences for the six aforementioned JUNV strains. Two distinct types of mutations were identified, according to a specific definition. Type 1 mutations are those where only one of the JUNV field strains (XJ13, Romero, IV4454, and MC2) differs from all others. Type 2 mutations refer to the positions with changes among the vaccine-related strains (XJ13, XJ#44 and Candid#1). This last type allows identifying key positions that might be involved in the attenuation process, while the Type 1 mutations take into account the naturally occurring variations. An overlap of these two types of changes uncovered several mutations with probably little significance for the viral virulence. Positions GPC 35 , N 158 , N 268 and N 322 all had changes among the six sequences that Attenuated for guinea pig, m o u s e a n d h u m a n . Lethality index: 3,87 ± 0,42
varied between two particular amino acids, regardless of the strain's origin. Something similar happened with positions L 881 and L 921 , where the only difference was found in XJ#44.
A mutation frequency index was calculated, defined as the number of mutations per amino acid in an overlappingwindow strategy, with the resulting value assigned to the central residue. The analysis was made for both types of mutations for the complete JUNV genome sequence, using inhouse software. This global plotting approach gives an overview of the distribution of the mutations along the genome. Several possible hot-spots were identified, that is, regions of the sequence with a marked tendency towards natural variation. Also, a small number of type 2 mutations were found outside the hot-spots, namely GPC 168 , GPC 427 , GPC 446 and N 47 for the S RNA and positions L 76 , L 936 , L 1156 for the L RNA. These changes could more confidently be assigned to the virulence attenuation process.
CODING REGIONS
A further search for Type 2 mutations was performed on a set of field samples, isolated from human cases or rodents, captured in the endemic area during the period of 1963-91. Out of the genome, four regions were selected for this analysis: i) G fragment, comprising positions 303 to 941 within the GPC coding sequence; ii) N fragment, spanning nucleotides 1632 to 2095 of the nucleoprotein coding sequence and two regions within the open reading frame of the RNA dependent RNA polymerase [13] . The fragments were amplified by PCR and sequenced for 13 different JUNV field strains. Afterwards, the sequences were translated in silico, aligned and scanned for positions with differences between strains. A part of the Type 2 mutations obtained for the G fragment are shown in ( Table 3) . The selected region comprises most of G1, the consensus site for the arenavirus glycoprotein processing [26] and the beginning of G2. Some of the variants present among the field samples (from both humans and rodents) were also found among the attenuated JUNV strains. Consequently, the importance of these positions in the attenuation process should be re-evaluated.
The development of a reverse genetics system made it possible to directly test the role of the different variable positions in viral fitness and virulence. Albariño et al. used chimeric genomes, baring a combination of XJ13 and Candid#1-derived sequences, to assess the importance of each portion of GPC. They found that only the Candid#1-derived G2 part was critical for the attenuated phenotype. A further characterization mapped the significant points to the transmembrane domain within G2 [27] . However, a number of variable positions remain to be evaluated by this experimental method.
Previous studies described four conserved regions in the L protein of all arenaviruses [28] . The polymerase domain was mapped to the region III, with the presence of four conserved motifs: A, B, C and D [29] . The variation analyses showed only one change in this region, at position 1156 (R K K). Albeit the mutation has a conservative character, it is probably related to the attenuation process because there are no natural variants in this region. The other changes in the L ORF are located between regions II and III (L 936 , L L P) and in region I (L 76 , H Y Y). The modification of a Leucine for a Proline brings about a mayor structural change and is present only in the Candid#1 strain, in spite of being immersed in a region of high type 2 mutations index. The change at position L 76 is near a predicted ATP/GTP binding site (www.expasy.org). Even though these results are preliminary, they suggest an important role for the polymerase in the virulence attenuation, in accord with reports for other viruses [29] [30] [31] . Also, some of the mutations in the structural proteins (nucleoprotein and the two glycoproteins) could be associated with the attenuation of virulence. The N protein has a highly conserved carboxyl-terminus, containing a zinc binding domain [32] . The mutation at N 47 (V V E) lies outside that region, but could be related to other characteristics of the protein, such as the oligomerization capability [33] , possibly interfering with one or both of N's functions in the viral life cycle. In the genome replication, N promotes the synthesis of antigenomic, full-length copies of the S RNA. In the assembly of the virion, the protein binds the genomic RNA, forming the nucleocapsid. The other structural protein, GPC, sported a mutation at the carboxyl end of G1 (GPC 168 , T A A), directly affecting the conserved sequence (N 166 R 167 T 168 K 169 ) for a predicted N-glycosylation site (NETGLYC 1.0). For the G2 portion, three domains have been described. First, the outer domain, located at the carboxyl end, which is outside the virion and interacts with G1; second, the transmembrane domain, which interacts with the stable signal peptide, and last, the inner domain, situated at the amino end, which could interact with the nucleocapsid protein or the Z protein, on the inside of the virion [26, 34] . The changes within G2 are in the transmembrane domain (GPC 427 , F F I) or in the cytoplasmic tail (GPC 446 , T T S) and, in both cases, could affect these important interactions.
The potential attenuation markers were found to be unevenly distributed in the genomic segments, with a higher degree of conservation in the L RNA, which indicated a faster evolution rate for the polypeptides encoded in the S RNA. In a comparison of genomes of virulent and avirulent strains of Pichinde arenavirus, Lan and collaborators [29] found that attenuation related mutations mapped to comparable genomic regions, but were fewer in number. If the comparison is limited to only the field strains of Junín virus (XJ13, Romero, MC2 and IV4454) the mutation distribution pattern became markedly different for the large and small genomic segments. In a protein sequence analysis of the field strains, 45 divergent sites were found for the S RNA derived ORFs and 48 sites for the L RNA derived ORFs. Interestingly, for the L RNA, 46 out of the 48 sites were XJ13-specific changes, while for the S RNA, this was only the case in 4 of the 45 sites.
As stated before, the G fragment included the sequence for the cleavage site between G1 and G2. The recognition site sequence has been published as QLPRRSLK 251 AFF [35] with the cleavage occurring between K 251 A or L K 251 [36] . Most of the analyzed samples didn't have mutations in that region. Only isolate H_FHA5054 presented changes at positions 244 and 245 (Q H and L F respectively), but it is not certain if these modifications would have any detectable outcome. A portion of the variation observed for the G fragment, namely the part corresponding to G1, could be associated with the host jump of a rodent strain to humans (recep-tor affinity differences). They could therefore be directly linked with changes in the strains virulence (increase or decrease) through a cellular tropism change. Another key feature of this region was the N-glycosylation target sequence N 166 R 167 T 168 K 169 , as determined by NETGLYC 1.0. This precise sequence is only present in the 65% of the field strains, while in the remaining 35% there is an alanine residue (A 168 ). Complementary bioinformatics studies performed on this region predicted only slight changes to the protein properties.
On the other hand, the importance of two positions, strongly related to the N-glycosylation of JUNV and MACV was established. Also a high conservation degree of the residues involved, along with their environ was found to be necessary [37] . In recent years, an analysis of LCMV proved the implication of each N-linked glycan of the glycoprotein with GPC expression, fusion activity and infectivity [38] . Interestingly, all the attenuated strains derived from XJ13 have an A 168 mutation. The hypothesis was that mutations present in field strains (natural variants) would be of minor importance in virulence attenuation. In fact, none of the type two mutation analyzed here were absent in field samples. Therefore, the data presented in ( Table 3 ) could signify that the attenuated phenotype is not influenced by mutations in the G1 region. That result concurs with Albariño and collaborators [39] , who mapped the essential attenuation-related mutations to G2.
NON CODING REGIONS
Previous studies suggested that sequence changes within the intergenic region could play a role in the attenuation processes of arenaviruses [40] . Conversely, our analysis of the intergenic regions from Candid#1, XJ48, XJ#44, XJ39, XJ34, XJ17 and XJ13 revealed a total conservation among the strains for both genomic RNAs. If there is a low tolerance for nucleotide changes in the region, it would suggest an evolutionary constraint, probably related to the calculated secondary structure and the associated transcription regulation function [32, 41] . Also, there was a high degree of conservation of the non-coding regions at the genomic ends of the analyzed strains, with nucleotide homology values ranging from 93% to 97%. XJ13  XJ17  XJ34  XJ39  XJ#44  XJ48  Candid#1  MC2  IV4454  Romero  AN_8640  AN_5185  AN_13365  AN_16501  AN_17058  AN_17246  AN_17116  AN_17064  H_Lye63  H_FHA5069  H_p1879  H_FHA5054  H_8027 107
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However, when viral RNAs obtained from infected cells were analyzed, a great variability could be observed at the 3' and 5' non-coding regions of RNAs derived from the same parental strain. The analysis was designed to evaluate the genomic and antigenomic forms separately. A number of 5' non-templated bases were found for both Candid#1 genomic segments. When comparing the 5' end of the genomic RNAs with the 3' end of the antigenomic RNAs (which are the template for the former), at least one additional guanine was present at all 5' ends of genomic clones with additional bases, as has been described for other arenaviruses [42] . On the contrary, the 3' RACE of genomic forms yielded several clones with short deletions. A calculation of RNA secondary structure from Candid#1 S and L RNAs predicted the formation of a panhandle between the 5' and 3' ends of each genomic segment. The observed 3' deletions all mapped to regions within the panhandle (Fig. 3) .
Taken together, these results support the employ of cellderived RNAs as primers for the synthesis of viral RNA, as well as 5' terminal sequences from virus-derived RNAs into incomplete panhandle structures as templates for the completion of the 3' terminal sequences. The resulting heterogeneity may well be a consequence of the action of different RNA editing mechanisms, as reported for other arenaviruses [43] . Still, the role of these regions in the process of attenuation remains to be established.
Interestingly, a comparison of the sequence of the ends (3' and 5') of both genomic segments revealed several positions that were highly conserved and could be part of the minimal promoter. The untranslated sequences on the extremes of the S RNA, as well as the 5' end of the L RNA, have an approximate length of 80 nucleotides. This is not the case for the 3' end of L RNA, which has only 30 nucleotides. Considering that the genomic forms serve as templates for the antigenomic forms and vice versa, all non-coding terminal regions have to include the promoter sequence that is the recognition site of the viral polymerase, in order to achieve the completion of the replicative cycle. Since one of these regions only has a size of 30 nucleotides, it is reasonable to conclude that the minimal promoter sequence is contained in that range. In support of this, if a sequence comparison is made of the 80 nucleotides of the ends of S and L RNAs, the homology value is 60% for the 5' ends and only 50% for the 3' ends. But, if the analysis is reduced to only 30 nucleotides, the value of the 3' region ascends to 71%. In fact, there is a 19 nucleotide sequence motif highly conserved among arenaviruses (arena region) that can be found in all JUNV genomic ends. The remaining 11 bases of the 3' end of the L RNA (GCTCAAGTGCC) have an elevated homology degree with two regions within the S RNA 3' end. These repeated elements could be part of the translation or transcription processes. They have been found in other arenavirus species, in similar distributions. A comprehensive analysis of the genomic sequence of sublcade B1 New World arenaviruses [44] showed that the element that mapped to positions 38-46 (GCUCAAGUG for JUNV L RNA and GCUCAGUG for S RNA) was conserved within the group [20] . Therefore, it could be possible to identify a sequence motif at the 3' end of both genomic RNAs of most arenaviruses. Also, in the particular cases of JUNV, Machupo and Tacaribe RNA S, the motif described as GSYC(A) 1-2 GUR, has a relatively high positional conservation within the RNA secondary structure when calculated by bioinformatic tools.
CONCLUSIONS AND SUMMARY
This works aim was to present a condensed report of the studies about the molecular determinants of viral virulence in JUNV. A set of putative attenuation markers have been identified within the GPC, Z and L ORFs of JUNV vaccine strain, Candid#1. Some of these positions were more confidently linked to the attenuated phenotype. The main reason for this is that these changes were found inside regions with Fig. (3) . Junín virus Candid#1 genomic end sequences. Predicted panhandle structures for the L and S RNAs. The region found in all 3´end sequences is shadowed. The sequence-logos show the nucleotide frequency determined by a RACE assey. A non-templated G is highlighted at the end of the L segment. Taken from [13] a low natural mutation frequency (GPC 168 , GPC 427 , GPC 446 , N 47 , L 76 , L 936 and L 1156 ). They were analyzed with phylogenetic and bioinformatic tools.
Increasing complete genome sequence information availability, particularly from JUNV strains, has been a significant contribution for the identification of further putative virulence attenuation markers. In recent years several sequences were published for members of the vaccine strain lineage [20, 27] . They were included in previously done informatic analyses, confirming the results observed before, that is, only a few changes are necessary to obtain an attenuated phenotype. To further study the role in the virulence attenuation process of different point mutations, Albariño and collaborators developed a JUNV reverse genetics system [39] . Their results showed a direct involvement in the attenuated phenotype of certain point mutations within the GPC ORF of Candid#1.
Moreover, in order to analyze the natural mutation distribution, Goñi and collaborators designed a RT-Nested-PCR based technique and applied it to human and rodent derived samples from the Argentine Hemorrhagic Fever endemic area [45] . The sequences thus obtained were translated in silico and analyzed with different tools. A comparison was instituted between the GPC derived sequence data (G fragment) and the results published by Albariño and collaborators [25] . (Table 3 ) summarized the findings of that analysis. As is expected, the greater variability appears mainly in the portion of the glycoprotein complex that is exposed to the exterior and therefore comes in contact with the immune system. Changes to the sequence and conformation of epitopes could explain an increase in virulence due to escape from the natural host defenses. Also, slight variations within the receptor-binding region have been shown to confer the capability of infecting human cells as well as the animal host [46] . However, there are certain constraints acting on the outer part of the glycoprotein, related to its capacity of efficiently performing the original function within the viral cycle.
Studies addressing similar questions for other arenaviruses produced interesting results. Zhang and collaborators [47] created reassortants using an attenuated and a virulent PICV parental strain. They found that the virulence in guinea pigs could mainly be attributed to the S segment. Nevertheless, the virulence level of the parental strain was not attained, pointing to determinants being present in the L segment. Similar studies made with LCMV strains mapped the attenuation markers of this virus principally to its L segment [31] . Although both studies determine the virulence in an animal model of guinea pigs, the results obtained for each virus are different. This suggests that each attenuation process produced a distinct set of mutations in different regions. It would be interesting to assay what these mutations are for JUNV, principally taking into account the available intermediate strains of the vaccine genealogy, and the immense combination probabilities.
The sequence information accumulated through the analysis of a number of strains with varying virulence degrees will be the springboard for natural biodiversity studies. The mutations identified as potentially central to the attenuation process are ideal candidates for mutagenesis and reverse genetics assays. However, more complex studies will have to be made to determine the minimal changes that render an attenuated phenotype, since it is likely that many variations act synergically to decrease the observed virulence. Also, compensatory changes might arise to make up for structure or activity losses that hinder viral fitness [48, 49] . Therefore, even if a particular change is found in both field and vaccine strains, it does not necessarily negate its importance in virulence attenuation. Conversely, some variants present in natural and vaccine strains might have a cumulative effect upon the activity of a single viral protein or on the capacity of interaction with other viral or cellular proteins. The Z protein shows a low number of variations. This protein is responsible for the budding of the virus and the correct virion assembly. It also has several functions related to the modulation of the host immune response [50] . All of the roles of Z within the viral cycle are performed through interaction with proteins. The apparently low tolerance of changes within the Z ORF suggests that its functions greatly depend on the correct structure/sequence. Possibly, the regions of interaction of its partners are also submitted to a similar constraint. It will be interesting to analyze the precise regions once they have been positively identified. A great step towards identifying possible co-variation sites will come with the elucidation of the crystallographic structure of the viral polypeptides and their interaction partners. The beginning has been made with the first glycoprotein and partial nucleoprotein and L [51] [52] [53] structures and we are hoping for a steady advance in this area.
Summing up, this work presented a set of mutations that are probably related with an attenuated virulence phenotype. Also, most of the mutations analyzed here (Type 1 and 2) were mapped to a few discrete genomic regions. The development of a RT-PCR based method followed by sequencing, was the basis for a broad analysis of JUNV strains in search of natural genomic variability. This method could furthermore be useful if a program for the monitoring of vaccinated individuals is implemented.
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